We study the optical properties of lowest-energy carbon allotropes in the infrared, visible and ultra-violet ranges of light in the general gradient approximation of the density functional theory. In our calculations we used the all-electron approach as well as the pseudo-potential approximation.
I. INTRODUCTION
Diamond and different forms of carbon materials are the subject of the intensive theoretical and experimental study [1, 2] . It is well known that carbon can form sp 2 and sp 3 hybridized bonds which are realized under ambient conditions in cubic diamond, graphite, fullerene and graphene [3] . At high temperature and pressure graphite can be converted to cubic diamond or to the lonsdaleite (2H hexagonal diamond) [4, 5] . For a long time, hexagonal diamond has been produced artificially by static and shock wave compression of well-crystallized graphites [6] . Recently it was shown that hexagonal diamond can be also obtained from cubic diamond [7] . It was found that graphite cold-compression leads to a creation of the new sp 3 -bonded stable forms of carbon allotropes [8] . Nowadays, there are about two hundreds of different predicted hypothetical sp 3 carbon allotropes, which are collected in the SACADA database [9] . The small difference of energy of several these allotropes relatively to the diamond, 0.01 − 0.10 eV per atom, raises the idea of a possibility to find these allotropes in the mixed carbon phases. The experimental search of such carbon allotropes should be based on some new physical information about formation of these new phases.
The most probable signals can be connected with optical properties of the materials, such as Raman spectra, optical coefficients in the regions of infrared (IR), visible and ultraviolet (UV) spectra, as well as the energy dependence of the absorption and refractive indices.
Here we calculate different optical properties of the six lowest-energy sp 3 carbon allotropes:
cubic diamond, lonsdaleite [4] , 4H-diamond [10] , SiC12 [11] , C28 [12] and mtn [13] . The main goal of our study is to find the quantitative level of difference between optical properties of cubic diamond and relevant carbon allotropes which can be measured experimentally.
We start with a prediction of Raman shift spectra and IR active mode spectra, than we will study energy-dependent complex dielectric functions and their derivative in the ranges of visible and ultraviolet light. Our calculations are based on density-functional-theory (DFT) methods [14, 15] as it is implemented in CRYSTAL14 [16] and VASP [17] program packages.
The calculations for the IR range have been done using CRYSTAL14 program, which uses the all-electron approach with atomic orbital basis sets. The relevant calculations in the visible and ultraviolet ranges of light have been done using VASP program package which uses plane-wave basis sets and the pseudo-potential approach.
II. COMPUTATIONAL METHODS AND DETAILS
Raman and IR spectra of crystal structure are defined by the set of harmonic phonon frequencies at the Γ point which can be obtained from the diagonalization of the Hessian matrix of the second derivatives with respect to atomic displacements [18] :
where u ai and u bj are displacements of atoms a and b in the reference cell along the i-th and j-th Cartesian directions, respectively. The Raman intensity of the Stokes line of a phonon mode Q p , active due to the α ij component of the polarizability tensor α, is expressed as follows:
The scheme of calculation, recently implemented in the CRYSTAL14 program [16] , explores second-order Coupled-Perturbed Hartree-Fock/Kohn-Sham (CPHF/KS) equations [19] . The Raman spectrum is then computed by considering the transverse optical (TO) modes and by adopting a pseudo-Voigt functional form: a linear combination of a Lorentzian and a Gaussian curve with full width at half maximum of 8 cm −1 . Raman intensities are normalized so that the largest value is conventionally set to 100 a.u. To calculate IR spectra we should know the complex dielectric tensor ε ii (ν) which is computed for each inequivalent polarization direction on the basis of a classical Drude-Lorentz model:
where ii indicates the polarization direction, ε opt,ii is the optical dielectric tensor, ν p , f p and γ p are the TO frequency, oscillator strength and damping factor for the p-th vibration mode, respectively. The real and imaginary parts of ε ii (ν) are computed and the maxima of this function correspond to the TO frequencies. The optical or high-frequency dielectric tensor is computed in a quasi-free electron approximation via coupled perturbed HartreeFock (Kone-Sham) method [20] . The refractive (n) and absorption (k) indices are computed as real and imaginary parts of the complex refractive index n * (ν) = ε(ν), also for each inequivalent polarization direction.
In the projector augmented plane wave method realized in VASP the frequency-dependent dielectric functions is obtained in the random phase approximation, where the imaginary part of the frequency-dependent dielectric tensor is written as
where the indices c and v refer to conduction and valence band states respectively in the sum over the empty states, ǫ c,vk are the corresponding eigenenergies, Ω is the volume of a primitive cell, k−point weights w k are defined such that they sum to 1, e i,j are the unit vectors for the three Cartesian directions, and u ck is the cell-periodic part of the orbitals at point k. The real part of the dielectric tensor ε (1) (ω) is obtained by the Kramers-Kronig transformation ε
(1)
where P denotes the principal value. By cubic symmetry, the following relation is satisfied for diamond and mtn allotrope
so the real and imaginary parts of the complex dielectric function ε = ε 1 + iε 2 can be determined by ε 1,2 = ε
xx . In the case of the other, anisotropic, structures we use the average values:
III. COMPUTATIONAL SETUP
A. CRYSTAL14
We use the two schemes of DFT calculations, both are implemented in the CRYSTAL14
program [16] . The first one incorporates the Perdew-Burke-Ernzerhof (PBE) exchangecorrelation functional [21] at general gradient approximation (GGA) of DFT and POB-TZVP all-electron basis set [22] , and the second one the B3LYP hybrid functional [23] and adopted Poples 6-21G Gaussian all-electron basis set [24, 25] . 
B. VASP
The computations of the complex dielectric functions in the visible and ultraviolet regions were performed by the VASP package [17] at the level of GGA and with two functionals:
the above-mentioned PBE [21] and the screened Heyd, Scuseria, and Ernzerhof (HSE06)
hybrid functional [26] , since the latter is well-suited to reproduce the electronic properties including the band gaps of a number of elemental and binary insulators and semiconductors.
For this purpose, at first we performed the relaxation of the discussed structures with a cutoff energy of 700 eV for the plane-wave basis set, until the energy was converged up 10 −7 eV per unit cell and the residual stress was less than 10 −5 eV per atom. The integration over the Brillouin zone was performed using Monkhorst-Pack grids with the number of k-points along each direction of the reciprocal cell equal to an integer divisor of 25Å over the length of corresponding lattice vector. The chosen set of input parameters gives the reliable results for the main physical properties of diamond as it was shown in our previous work [12] .
IV. STRUCTURAL PROPERTIES
The full geometry optimization of studied structures have been performed using the quasi-Newton algorithm in CRYSTAL14 program. The relaxed lattice constants and atomic
Wyckoff positions are presented in the Tables I and II. The differences between lattice constants obtained in two schemes of calculations are about 1 %. While the energy differences per atom relatively diamond are equal, see Tables III and IV. To check a mechanical stability of hypothetical allotropes under study, we calculated the elastic constants and phonon spectra which are collected in the Fig. 4 . Our results for structural properties agree with previous DFT calculations [10] [11] [12] [13] .
Raman identification of new carbon allotropes needs a precise calculation of vibration spectra. We performed these calculations applying quasi-harmonic approximation at the point as it was done for Raman identification of lonsdaleite in Refs. [27, 28] and for Raman spectroscopy of nanocrystalline diamond in Ref. [29] . We have found for cubic diamond that the position of single Raman peak, corresponding to the first-order scattering of F 2g symmetry, is 1297 cm −1 (PBE, POB-TZVP ) and 1332 cm −1 (B3LYP, 6-21G). The last one is in a best agreement with experimental value. Such a way, we perform calculations of Raman and IR spectra here and after using B3LYP exchange-correlation functional and modified Poples 6-21 basis set [25] . The presented in Fig. 1 polycrystalline (powder) Raman spectra were computed by averaging over the all possible orientations of the crystallites.
For the lonsdaleite we predict three Raman active modes: E 1g (1336), A 1g (1312) and E 2g we can declare the agreement of our prediction with the experimental data for lonsdaleite [28] at least for two high-frequency modes. We also obtain a rough agreement with recent measurements of Ref. [29] , in which the most intensive band at 1292-1303 cm −1 and at 1219-1244 cm −1 are interpreted as contributions from A 1g and E 2g vibration modes of lonsdaleite phase in Popigai impact rock. Early DFT calculations, performed in the local density approximation (LDA), gave the following results: E 1g (1312), A 1g (1305), E 2g (1193) [30] and E 1g (1338), A 1g (1280), E 2g (1221) [31] .
In Fig. 1(a-e) , we present our results for polycrystalline (powder) Raman spectra with intensity plotted in arbitrary units. Of course, it has the dependence on direction for monocrystalline structures, but it is small and we discuss it later for real refractive in-dices only. The single peak of cubic diamond corresponding F 2g (1332) mode is shown in all figures for comparison. The number of active Raman modes or peaks depends on symmetry of crystal lattice and on the number of non-equivalent atoms in the asymmetric unit. As we see, quantum-mechanical approach predicts a very specific Raman spectrum for every allotrope, which can be considered as finger prints of these structures in the experimental search. The improvement of experimental methods to the level of accuracy of theoretical calculations will be crucial for search and recognition of diamond polymorphs.
The high-frequency refractive indices for different direction (ii=xx, yy, zz), accordingly
Vogt notation, are collected in the 
VI. VISIBLE AND UV SPECTRA
Optical properties are immediately connected with the electronic band structure of the crystal. To calculate the interband and intraband electron optical transitions one needs to solve the band structure of the system and know its band gap in different symmetry points of reciprocal space. Because of this reason, we calculated the electronic band structure for all the allotropes under study (see Fig. 5 ) and collected to the table our results for indirect and direct (in Γ-point) band gaps for all the considered structures within PBE and HSE06
functionals (see Table VII ). It is well-known that the former fails to reproduce the optical band gaps while the latter provides the reliable results. Our result of 5.38 eV band gap for diamond successfully reproduces the well-known experimental value of 5.47 eV [1] .
Then, we calculated the complex dielectric function for diamond, lonsdaleite and considered lowest-energy allotropes in the random phase approximation as it was explained in the Sec. II. In the Figs. 2 and 3 we present our predictions for diamond obtained with The effect of the anisotropy of the optical properties for non-cubic structures is found to be small, so we do not show the dependence of the dielectric tensor from the crystal directions in the figures, but only the average values as defined by formula (2.6).
VII. CONCLUSION
In summary, the first-principles quantum-mechanical calculations have been performed to obtain the frequency spectra and optical properties of lowest-energy sp 3 carbon allotropes, such as: cubic diamond, lonsdaleite, SiC12, 4H-diamond, C28 and mtn. We have obtained
Raman and IR spectra for all discussed allotropes and study their peculiarities. The electronic structure as well as the linear photon energy-dependent complex dielectric functions and related optical properties were computed. Our investigations are beneficial to the experimental search and to the practical applications of these hypothetic carbon allotropes in IR, visible and UV photonics [33, 34] .
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